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CONSTANT RON SWITCH CIRCUIT WITH 
LOW DISTORTION AND REDUCTION OF 

PEDESTAL ERRORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to the following concurrently 
?led and commonly assigned US. patent applications: US. 
patent application Ser. No. 10/402,658, entitled “Digitizing 
Temperature Measurement System,” of Peter R. HolloWay et 
al.; US. patent application Ser. No. 10/401,835, entitled 
“LoW Noise Correlated Double Sampling Modulation Sys 
tem,” of Peter R. HolloWay et al., now US. Pat. No. 
6,750,796, issued on Jun. 15, 2004; and US. patent appli 
cation Ser. No. 10/402,447, entitled “Constant Temperature 
Coefficient Self-Regulating CMOS Current Source,” of 
Peter R. HolloWay et al. The aforementioned patent appli 
cations are incorporated herein by reference in their entire 
ties. 

FIELD OF THE INVENTION 

The invention generally relates to a sWitch circuit. In 
particular, the present invention relates to a high frequency 
sWitch circuit having a constant “on” resistance and capable 
of operating at loW poWer supply levels With little distortion 
and reduced pedestal errors. 

DESCRIPTION OF THE RELATED ART 

In a CMOS mixed-signal circuit, a CMOS transmission 
gate (T-gate) is typically used to implement the analog 
sWitching functions. The CMOS T-gate is preferred because 
it can operate With input voltage levels inclusive of ground 
and the poWer supply. FIG. 1 is a circuit diagram of a 
conventional CMOS T-gate circuit 100. 
CMOS T-gate circuit 100 includes a T-gate 101 consisting 

of an NMOS transistor 104 and a PMOS transistor 106 
connected in parallel. The source and drain nodes of tran 
sistors 104 and 106 are connected together to form sWitch 
input and output nodes 108 and 110, respectively. An input 
voltage Vin, provided by input voltage source 102, is applied 
across sWitch input node 108 and a ground node 112 (also 
called Vss). The output voltage Vout of T-gate 101 is 
provided at sWitch output node 110 relative to ground node 
112. 

Operation of T-gate 101 is Well knoWn in the art. In 
principle, the gate nodes of transistors 104 and 106 are 
driven With opposite logic levels, typically the poWer supply 
voltage Vdd and Vss, to control the on-off action of T-gate 
101. Transistors 104 and 106 are either both on to turn T-gate 
101 on or both off to turn T-gate 101 off. Acting as a sWitch, 
T-gate 101 transfers Vin from input voltage source 102 to 
sWitch output node 110 typically for charging a capacitive 
load CL. For instance, capacitive load CL may be a track and 
hold capacitor for holding or acquiring a sample of Vin at a 
particular point in time. 

Use of the conventional CMOS T-gates as the sWitching 
device has several disadvantages. One disadvantage is the 
lack of adequate drive voltages, or turn-on voltages, at loW 
Vdd levels. Referring still to FIG. 1, if Vdd of CMOS T-gate 
circuit 100 is set at 2.0 volts and Vin is 1.0 volt, then the 
gate-to-source voltages Vgs for transistors 104 and 106 is 
only 1 volt and —1 volt respectively. For typical NMOS and 
PMOS transistors, the threshold voltages VT are 0.7 volts 
and —0.7 volts, respectively. Because only that portion of 
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2 
gate-to-source voltage Vgs in eXcess of threshold voltage VT 
can serve to turn transistors 104 and 106 on, transistors 104 
and 106 are only turned on Weakly. Alternatively, if Vdd is 
further loWered to beloW 2*VT volts (e.g. 1.4 volts) and Vin 
is equal to VT (e.g. 0.7 volts), neither transistors 104 or 106 
Will turn on and T-gate 101 Will be an open circuit. Thus, 
When T-gate 101 is operated at loW Vdd levels, T-gate 101 
has limited or no drive capability for certain values of Vin. 
Even if there is sufficient drive capability, another disad 

vantage of conventional CMOS T-gates relates to the non 
ideal behavior of the “on” resistance RON of the CMOS 
T-gate. Referring to FIG. 1, RON is the resistance betWeen 
sWitch input and output nodes 108 and 110 When T-gate 101 
is conducting, ie when transistors 104 and 106 are on. 
The ?rst non-ideal characteristic of RON relates to the 

value of RON. Ideally, a sWitch should behave as a short 
circuit When it is turned on such that the “on” resistance is 
Zero. HoWever, for the conventional T-gates described 
above, the “on” resistance RON has a ?nite (that is, non-Zero) 
value Which can be quite large. FIG. 2 is a graph of RON 
versus Vin at various Vdd levels for a conventional CMOS 
T-gate. Curves 201 to 209 in FIG. 2 illustrate that a CMOS 
T-gate does not behave as a perfect short (i.e., RON does not 
equal to Zero) When the T-gate is on. Instead, RON can be 
quite large, typically in the range of a feW hundred to a feW 
thousand ohms. A large RON results in a large sWitch time 
constant ‘CON (TON=CL*RON, Where CL is the capacitive load 
of T-gate 100) Which in turn results in a large attenuation of 
the input signal When passed through T-gate 101. Thus, the 
bandWidth of T-gate 101 is limited. Generally, the larger 
sWitch time constant ‘CON is, the longer it takes to get an 
accurate sample, i.e., the longer it takes to fully charge the 
capacitive load CL. Therefore, it is desirable to provide a 
T-gate having a loW RON. 
One conventional method of reducing RON is to increas 

ing the Width of the NMOS and PMOS transistors of the 
T-gate. HoWever, increasing the siZe of the T-gate not only 
increases the fabrication cost, it also increases the parasitic 
capacitance CW, of the T-gate to a great eXtent. As shoWn in 
FIG. 1, parasitic capacitance Cpar of T-gate 101 eXists in 
parallel With capacitive load CL such that an increase in 
parasitic capacitance Cpar correspondingly increases sWitch 
time constant ‘CON. (In this case ION=(CW,+CL)*RON.) 
Accordingly, the Width of the NMOS and PMOS transistors 
can only be increased to an optimum value beyond Which the 
parasitic capacitance CW, Will dominate over CL and limits 
the bandWidth of the system, even though RON is further 
reduced. 

Another conventional method of reducing RON is to 
reduce the threshold voltage of the NMOS and PMOS 
transistors of the T-gate. HoWever, reducing the threshold 
voltage of the transistors in order to reduce RON also has its 
limitation. At loW Vdd voltages, such as 2.5 volts, the VT of 
the N-channel transistors Would have to be decreased to a 
value beloW Vss to minimiZe RON. Similarly, the VT of the 
P-channel transistors Would have to be increased to a value 
above Vss. Therefore, at loW Vdd levels, the transistors 
become depletion mode devices and lose the ability to be 
completely turned off. Thus, neither of these prior art 
solutions are satisfactory at reducing RON. 
The second non-ideal characteristic of RON relates to the 

variation of RON With respect to Vin. Ideally, the “on” 
resistance of a T-gate should be constant for all values of 
Vin. HoWever, for the conventional T-gates described above, 
RON varies With respect to Vin. Referring to FIG. 2, curves 
201 to 209 shoW that RON is not constant for all values of 
Vin. In fact, for any ?xed Vdd, RON increases to a higher 
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value at some intermediate voltage value of Vin betWeen 0V 
and Vdd. Furthermore, the amount of RON variation 
increases as Vdd decreases. For example, at Vdd of 2.5 volts 
(curve 209), RON becomes so large for Vin values betWeen 
1 to 2 volts that the T-gate is practically an open circuit (i.e. 
the T-gate is non-conductive). 
When Vin is an AC or sinusoidal signal, this RON variation 

causes distortion in the output signal. To illustrate, referring 
again to FIG. 1, if RON Was constant, output Waveform at 
sWitch output node 110 Would retain the shape and charac 
teristics of the input Waveform at sWitch input node 108, 
albeit reduced in magnitude. HoWever, When RON is a 
function of Vin, the sWitch time constant ‘CON (TON=CL*RON) 
is also a function of Vin. Thus, the instantaneous attenuation 
of the input Waveform at each particular point in time varies 
such that the output Waveform at sWitch output node 110 is 
no longer a perfect replica of the input Waveform at sWitch 
input node 108. Instead, the output Waveform is distorted. 
This RON variation places a fundamental limitation on the 
use of the conventional CMOS T-gates in high speed cir 
cuits, especially at loW Vdd levels. 

In summary, the tWo non-ideal characteristics of a con 
ventional CMOS transmission gate limit its application as a 
sWitch in high performance CMOS mixed-signal circuits, 
particularly When the circuits are operating at very loW Vdd 
(VLV) levels (i.e. Vdd voltages in the range of 2.0 to 3.0 
volts). First, the ?nite and sometimes large “on” resistance 
of the T-gate limits the maximum bandWidth for a given load 
capacitance and a given fabrication process. The bandWidth 
limitation is even more problematic at loW Vdd levels as 
RON increases When Vdd decreases. Second, the variation in 
the “on” resistance leads to variation in bandwidth on an 
instantaneous basis, creating phase dispersion and harmonic 
distortion in the output Waveform. Furthermore, the com 
pound effect of a large RON and RON variation increases the 
total distortion of the sWitch circuit at a given frequency. 
Consequently, a sWitch circuit designed to Work With a 5.0 
volts Vdd Will see an exponential increase in output distor 
tion as Vdd is decreased. The resultant distortion represents 
a major barrier in the development of high performance, 
high speed circuits for operation at loW Vdd levels. 

Therefore, it is desirable to provide a sWitch circuit 
capable of operating at loW Vdd levels With maximum 
bandWidth and minimum distortion. When a CMOS T-gate 
is used as the sWitch element, it is desirable to reduce the 
value of RON by a factor of 2 to 5. HoWever, RON should be 
reduced Without the corresponding increase in Cpar, and vice 
versa. Furthermore, it is desirable to minimiZe the variation 
of RON over the full range of input voltages. 

SUMMARY OF THE INVENTION 

According to one embodiment of the present invention, a 
sWitch circuit for selectively coupling an input terminal to an 
output terminal includes a sWitching device, a charge storage 
device, a ?rst sWitch, a second sWitch and a third sWitch. The 
sWitch circuit of the present invention is suitable for use in 
high frequency or loW poWer supply voltage applications 
and is capable of eliminating harmonic distortions of the 
output signals, even for very loW Vdd applications. 

The sWitching device of the sWitch circuit is coupled 
betWeen the input terminal and the output terminal and has 
a control terminal. The charge storage device, typically a 
capacitor, has a ?rst terminal and a second terminal. The ?rst 
sWitch is coupled to the control terminal of the sWitching 
device and has a ?rst position coupled to a ?rst supply 
voltage and a second position being an open circuit. The 
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4 
second sWitch is coupled to the ?rst terminal of the charge 
storage device and has a ?rst position coupled to a second 
supply voltage and a second position coupled to the control 
terminal of the sWitching device. The third sWitch is coupled 
to the second terminal of the charge storage device and has 
a ?rst position coupled to the ?rst supply voltage and a 
second position coupled to the input terminal. 
When the ?rst, second and third sWitches are in the ?rst 

positions, the sWitch circuit is turned off. When the ?rst, 
second and third sWitches are in the second positions, the 
sWitch circuit is turned on. In one embodiment, the ?rst, 
second and third sWitches are in the ?rst positions in 
response to a ?rst clock signal and are in the second 
positions in response to a second clock signal. Furthermore, 
in another embodiment, the ?rst and second clock signals are 
non-overlapping clock signals. 
When the sWitch circuit is to be turned off, the control 

terminal of the sWitching device is coupled to the ?rst supply 
voltage, typically at ground, causing the sWitching device to 
be nonconductive. At the same time, the capacitor is coupled 
betWeen the ?rst supply voltage and the second supply 
voltage, typically the poWer supply voltage Vdd, such that 
the capacitor is precharged to the poWer supply voltage Vdd. 

Then, When the sWitch circuit is to be turned on, the 
control terminal of the sWitching device is disconnected 
from the ?rst supply voltage and the capacitor is coupled 
betWeen the control terminal of the sWitching device and the 
input terminal. As a result, the sWitching device receives a 
constant gate-to-source voltage approximately equals to the 
poWer supply voltage Vdd and becomes conductive. 

In the case Where the sWitching device is an NMOS 
transistor and the second supply voltage is the power supply 
voltage Vdd, the gate-to-source voltage approximately 
equals the supply voltage Vdd alloWing realiZation of a 
minimum “on” resistance RON for all values of input volt 
ages. This reduction in RON improves the bandWidth of 
operation by reducing the sWitch time constant ‘CON (Where 
TON: CL * RON) - 

Secondly, not only is RON reduced to a minimum, the RON 
variation over the range of input voltages is also reduced or 
eliminated. In particular, the capacitor acts as a ?oating 
battery transferring any changes in the input voltage at the 
input terminal to the gate terminal of the sWitching device 
resulting in a constant gate-to-source voltage for all values 
of input voltage. Since RON is a function of the gate-to 
source voltage, Which is a constant, RON also becomes 
independent of the input voltage and is constant across the 
full range of input voltages. Accordingly, the ratio of the 
maximum RON to the minimum RON is unity. In contrast, 
conventional T-gates have a ratio of RON variations from 1.5 
to 4 or more. By eliminating RON variations, distortion of the 
input signal is avoided. 

Thus, the sWitch circuit in accordance With the present 
invention provides a minimum RON While at the same time 
eliminates RON variations of the prior art. Accordingly, the 
sWitch circuit is Well suited for use in high performance, 
high speed circuits Which operate at loW Vdd levels. 

Also in accordance With the present invention, a method 
of selectively coupling an input voltage terminal to an output 
voltage terminal includes providing a sWitching device 
coupled betWeen the input voltage terminal and the output 
voltage terminal, precharging a charge storage device, typi 
cally a capacitor, to a precharge voltage, coupling the 
capacitor betWeen the input voltage terminal and the control 
terminal of the sWitching device, causing the sWitching 
device to be turned on. The method further includes the steps 
of disconnecting the capacitor from the input terminal and 
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the control terminal of the switching device and connecting 
the gate terminal of the sWitching device to ground, turning 
off the sWitching device. 

According to another aspect of the present invention, a 
pedestal voltage compensation circuit is provided in a ?rst 
circuit for compensating pedestal error voltages caused by 
charge injection into a sensitive terminal of a circuit. The 
pedestal voltage compensation circuit has application in any 
sWitch circuits and, in particular, in the sWitch circuit of the 
present invention for eliminating pedestal errors at the 
output terminal of the sWitch circuit. 

In one embodiment, the pedestal voltage compensation 
circuit for compensating charge injection at a ?rst node of a 
?rst circuit includes a sWitch coupled to a second node of the 
?rst circuit. The second node provides a ?rst charge Which 
is the complement of a source charge causing the charge 
injection at the ?rst node. The compensation circuit further 
includes a capacitor divider coupled to the ?rst node and a 
third node Where the third node is a loW impedance node. In 
operation, the sWitch directs the ?rst charge to the common 
node of the capacitor divider. The capacitor divider divides 
the ?rst charge to generate a compensating charge. The 
capacitor divider provides the compensating charge to the 
?rst node for canceling the injected charge. 

The present invention is better understood upon consid 
eration of the detailed description beloW and the accompa 
nying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a conventional CMOS 
T-gate circuit. 

FIG. 2 is a graph of RON versus Vin at various Vdd levels 
for a conventional CMOS T-gate. 

FIG. 3 is a circuit diagram of a self-bootstrapping constant 
RON sWitch circuit in accordance With one embodiment of 
the present invention. 

FIGS. 4 and 5 are equivalent circuits of the sWitch circuit 
of FIG. 3 operating in the “off” state and in the “on” state 
respectively. 

FIG. 6 is a transistor level circuit diagram of the sWitch 
circuit of FIG. 3 in accordance With one embodiment of the 
present invention. 

FIG. 7 is a timing diagram illustrating the operation of the 
sWitch circuit of FIG. 6. 

FIG. 8 is a transistor level circuit diagram of the sWitch 
circuit of FIG. 3 in accordance With an alternative embodi 
ment of the present invention. 

FIG. 9 is a graph of the input and output voltages versus 
time for the sWitch circuit of FIG. 6 Which illustrates the 
behavior of the sWitch output voltage With respect to the 
input voltage. 

FIG. 10 is a graph of the gate voltage and the gate-to 
source voltage versus time of transistor M1 in the sWitch 
circuit of FIG. 6 operating under the conditions in FIG. 9. 

FIGS. 11A and 11B are frequency response plots of a 
conventional sWitch circuit and the sWitch circuit of the 
present invention, respectively, illustrating the improvement 
in distortion effect using the sWitch circuit of the present 
invention. 

FIG. 12 is a circuit diagram of a bottom-sampled inte 
grator incorporating the sWitch circuit of FIG. 3 in accor 
dance With another embodiment of the present invention. 

FIG. 13 is a timing diagram illustrating the operation of 
the bottom-sampled integrator of FIG. 12. 

FIG. 14 is a circuit diagram of the sWitch circuit of FIG. 
8 applied in a track and hold circuit application. 
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6 
FIG. 15 is a transistor level circuit diagram of the sWitch 

circuit of FIG. 8 incorporating a pedestal voltage compen 
sation circuit according to one embodiment of the present 
invention. 

FIG. 16 is a circuit diagram of the self-bootstrapping 
constant RON sWitch circuit implemented using a PMOS 
transistor as the sWitching device according to one embodi 
ment of the present invention. 

In the present disclosure, like objects Which appear in 
more than one ?gure are provided With like reference 
numerals. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In accordance With the principles of the present invention, 
a self-bootstrapping constant RON sWitch circuit is provided. 
The sWitch circuit is capable of operating at Vdd levels as 
loW as 2.0 volts With negligible distortion of the output 
Waveform. FIG. 3 is a circuit diagram of a self-bootstrapping 
constant RON sWitch circuit 400 in accordance With one 
embodiment of the present invention. Referring to FIG. 3, 
sWitch circuit 400 includes an NMOS transistor 420 func 
tioning as the main sWitching device. NMOS transistor 420 
is an enhancement mode device having a threshold voltage 
value of less than 1 volt (typically 0.7 volts). The output 
voltage Vout of NMOS transistor 420 is provided at a node 
410 With respect to ground node 412 (also called Vss). 
Output voltage Vout typically drives other circuitry such as 
a capacitive load CL (not shoWn). 

SWitch circuit 400 includes sWitches 422, 424 and 428, 
and a capacitor 426. SWitches 422, 424 and 428 together 
With capacitor 426 operate to boost the gate-to-source volt 
age Vgs of NMOS transistor 420 (i.e. voltage betWeen nodes 
406 and 404). In sWitch circuit 400, capacitor 426 can be 
implemented as an MOS capacitor or as other charge storage 
devices Well knoWn in semiconductor fabrication processes. 

SWitch circuit 400 further includes an input voltage 
source 444 Which provides a voltage Vin at node 404. 
Generally, Vin varies betWeen Vss and a voltage up to a 
poWer supply voltage Vdd. In FIG. 3, a precharge voltage 
source 430 is shoWn as providing a voltage equaling the 
poWer supply voltage Vdd to node 411. In the present 
embodiment, precharge voltage source 430 is illustrative 
only and in an actual implementation of sWitch circuit 400, 
node 411 can simply be connected to the poWer supply (or 
Vdd) terminal of sWitch circuit 400. HoWever, in other 
embodiments, precharge voltage source 430 can provide a 
voltage other than the Vdd voltage. The bene?ts of using a 
voltage other than the Vdd voltage for precharge voltage 
source 430 Will be eXplained in more detail beloW. 
The operation of sWitch circuit 400 is described With 

reference to FIGS. 4 and 5. FIGS. 4 and 5 are equivalent 
circuits of sWitch circuit 400 of FIG. 3 operating in the “off” 
state and in the “on” state respectively. Referring to FIG. 4, 
When sWitch circuit 400 is to be turned off, the gate of 
NMOS transistor 420 is connected to ground node 412. 
Since NMOS transistor 420 is an enhancement mode device, 
NMOS transistor 420 is completely turned off When its gate 
is grounded. Consequently, no current ?oW betWeen the 
source and drain terminals (nodes 404 and 410) of NMOS 
transistor 420. While sWitch circuit 400 is turned off, capaci 
tor 426 is precharged to a voltage level equal to Vdd (FIG. 
3). 
When sWitch circuit 400 is to be turned on, a self 

bootstrap technique is employed to bias the gate of NMOS 
transistor 420. Speci?cally, capacitor 426, precharged to a 
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value of Vdd, acts as a ?oating battery for providing a 
desirable gate-to-source voltage Vgs to the gate of NMOS 
transistor 420. Referring to FIG. 5, When sWitch circuit 400 
is turned on, capacitor 426 is coupled betWeen the gate 
terminal (node 406) and the source terminal (node 404) of 
NMOS transistor 420. In this con?guration, NMOS transis 
tor 420 receives a constant gate-to-source voltage Vgs 
equaling otVdd for all values of Vin, Where 0t is approxi 
mately equal to one. 

In particular, When input voltage source 444 applies Vin 
at node 404, capacitor 426, acting as a ?oating battery, 
transfers any changes in Vin at node 404 to node 406. Thus, 
under the conditions illustrated in FIG. 5, even though Vin 
may vary, gate-to-source voltage Vgs of NMOS transistor 
420 is constant. Because gate-to-source voltage Vgs of 
NMOS transistor 420 is not a function of Vin, RON of NMOS 
transistor 420 (Which is a function of gate-to-source voltage 
Vgs) also becomes independent of Vin and is constant across 
the full range of input voltages. 

The various circuit elements in sWitch circuit 400 are 
provided to obtain the operating conditions illustrated in 
FIGS. 4 and 5. Referring to FIG. 3, to turn sWitch circuit 400 
off, sWitch 422 is closed, i.e., sWitch 422 is in the “off” 
position. When sWitch 422 is closed, node 406, the gate of 
NMOS transistor 420, is connected to ground node 412 
through sWitch 422 and NMOS transistor 420 is turned off. 
MeanWhile, capacitor 426 is being precharged through 
sWitches 424 and 428. When sWitches 424 and 428 are in 
their respective “off” positions, sWitch 428 connects the left 
side of capacitor 426 (node 402) to ground node 412 and 
sWitch 424 connects the right side of capacitor 426 (node 
408) to node 411 Which is at Vdd. Thus, While switch circuit 
400 is turned off, capacitor 426 is precharged to a voltage 
value of Vdd. 
When sWitch circuit 400 is turned on, sWitches 422, 424 

and 428 sWitch to their respective “on” positions. SWitch 
422 is opened so that the gate of NMOS transistor 420 (node 
406) is no longer coupled to ground node 412. Instead, 
sWitch 424 is toggled up to connect node 408 (the right side 
of capacitor 426) to node 406 (the gate of NMOS transistor 
420). SWitch 428 also sWings up to connect node 402 (the 
left side of capacitor 426) to node 404 (the source terminal 
of NMOS transistor 420). When thus sWitched, sWitch 
circuit 400 is con?gured as in FIG. 5 and the voltage Avdd 
across capacitor 426 is impressed across the gate (node 406) 
and source (node 404) terminals of NMOS transistor 420. 
Even though capacitor 426 is precharged to a voltage Vdd, 

a certain amount of voltage is lost during the sWitching 
action such that after sWitches 424 and 428 reach the “on” 
positions, the voltage across capacitor 426 is otVdd Where 0t 
is less than but very close to unity. The amount of voltage 
loss during the transition of the sWitches is a function of the 
capacitance of capacitor 426. In the present embodiment, the 
capacitance of capacitor 426 can have a value betWeen 50 
femto-Farad to 5 pico-Farad. When capacitor 426 has a 
moderately large capacitance value, such as around 5 pF, 
only a negligible amount of voltage Will be lost in the 
transfer and 0t is essentially unity. When capacitor 426 has 
a very small capacitance value, such as around 50 fF, then 
the amount of voltage loss Will be greater and 0t can be as 
loW as 0.8 or 0.9. The value of 0t is critical only to the eXtent 
that capacitor 426 has maintained enough voltage to turn 
NMOS transistor 420 on. 

SWitch circuit 400 operating under the conditions in FIG. 
5 achieves signi?cant improvements over the prior art. First, 
in accordance With the present invention, a minimum RON is 
achieved for all values of Vin. Referring again to FIG. 2, in 
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the prior art, RON is at its minimum When Vin is either at 0 
volt or equals Vdd. In the conventional T-gate, 
Vgs=Vdd—Vin. Therefore, RON is at its minimum When Vgs 
is either 0 volt or Vdd. In sWitch circuit 400 of FIG. 3, 
gate-to-source voltage Vgs of NMOS transistor 420 is otVdd 
Where a approaches unity. Thus, gate-to-source voltage Vgs 
of NMOS transistor 420 approaches Vdd for all values of 
Vin, and NMOS transistor 420 is biased at an optimal value 
Where RON is minimum for all values of Vin. This reduction 
in RON improves the bandWidth of operation by reducing the 
sWitch time constant ‘CON (Where 'CON=CL*RON). 

Second, not only is RON reduced to a minimum, the RON 
variation over the range of input voltages is also reduced or 
eliminated. As discussed above, in sWitch circuit 400 of FIG. 
3, the gate-to-source voltage Vgs of NMOS transistor 420 is 
otVdd for all values of Vin, Where 0t approaches unity. Thus, 
gate-to-source voltage Vgs of NMOS transistor 420 is a 
constant value. Since RON is a function of gate-to-source 
voltage Vgs, Which is a constant, RON is also constant for all 
values of Vin. Accordingly, [3 is unity, Where [3 is de?ned as 
the ratio of the maXimum RON to the minimum RON. In 
contrast, referring to FIG. 2, conventional T-gates have [3 
variations from 1.5 to 4 or more. By eliminating RON 
variations, distortion of the input signal is avoided. 

Thus, sWitch circuit 400 in accordance With the present 
invention provides a minimum RON While at the same time 
eliminates RON variations over input voltages. Accordingly, 
sWitch circuit 400 is Well suited for use in high performance, 
high speed circuits Which operate at loW Vdd levels. 

In an alternative embodiment, instead of connecting node 
411 to the Vdd terminal, precharge voltage source 430 (FIG. 
3) can be implemented as a conventional charge pump Which 
generates an output voltage at node 411 greater than Vdd. In 
accordance With this embodiment, the gate-to-source volt 
age Vgs on NMOS transistor 420 Will eXceed Vdd, further 
enhancing the performance of sWitch circuit 400. 

In FIG. 3, sWitch circuit 400 uses a single NMOS tran 
sistor as the main sWitching device. The use of a single 
NMOS transistor as the sWitching device in the present 
embodiment is illustrative only and is not intended to be 
limiting. The sWitch circuit of the present invention can be 
implemented using other sWitching devices Well knoWn by 
those skilled in the art. In other embodiments of the present 
invention, a single PMOS transistor can be used as the main 
sWitching device. Alternately, a CMOS transmission gate 
including a NMOS transistor and a PMOS transistor con 
nected in parallel can be used as the main sWitching device. 
When a PMOS transistor is used alone or in conjunction 
With a NMOS transistor as the main sWitching device, the 
voltage polarities of sWitch circuit 400 of FIG. 3 are adjusted 
accordingly to provide the appropriate control voltages for 
controlling the PMOS transistor, as is Well understood by 
one of ordinary skill in the art. FIG. 16 is a circuit diagram 
of the self-bootstrapping constant RON sWitch circuit imple 
mented using a PMOS transistor as the sWitching device 
according to one embodiment of the present invention. Like 
elements in FIGS. 3 and 16 are given like reference numer 
als. As shoWn in FIG. 16, in the case Where a PMOS 
transistor 1520 is used as the main sWitching device, the gate 
terminal is connected to the Vdd voltage for turning off the 
transistor. Capacitor 426 is precharged so as to apply a —Vdd 
voltage across the gate and source terminals of PMOS 
transistor 1520 for turning the transistor on. Of course, in the 
case Where a CMOS transmission gate is used as the 
sWitching device, the sWitch circuit of the present invention 
includes sWitch circuit 400 for driving the NMOS sWitching 
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transistor 420 and a complementary switch circuit for driv 
ing the PMOS switching transistor. 

However, the use of a single NMOS transistor as the 
switching device in the switch circuit of the present inven 
tion provides particular advantages over the use of other 
switching devices, especially in applications where a 
reduced Vin range is used. 

For the purpose of this description, a reduced Vin range 
refers to the condition when Vin values are only a small 
fraction of the Vdd voltages. For example, an application is 
operating in a reduced Vin range when Vin varies between 
0 and 1 volt and Vdd is 2 volts or more. In an application 
operating in a reduced Vin range, using a single NMOS 
transistor as the switching device is preferred as long as 
enough gate drive is provided to turn on the NMOS tran 
sistor. NMOS devices are preferred over PMOS devices 
because NMOS devices have a higher carrier mobility than 
that of PMOS devices. In particular, carrier mobility for an 
NMOS device is typically in the order of 500 cm2V_1S_1 
which is approximately twice as much as that for a PMOS 
device. Further, NMOS devices typically have a lower RON 
for a given value of gate voltages because of the higher 
carrier mobility. 

To offset the disparity of carrier mobility between NMOS 
and PMOS devices, CMOS transmission gates typically 
employ PMOS transistors having twice the siZe of NMOS 
transistors and, in particular, the PMOS transistor is typi 
cally siZed 2.5 times larger than the NMOS transistor. 
Increasing the siZe of the PMOS transistor correspondingly 
increases the amount of parasitic capacitance Cpar of the 
switch circuit. However, in the present embodiment, the 
switch circuit employs only an NMOS transistor. The elimi 
nation of the PMOS transistor in the switch circuit of the 
present invention results in at least a three times reduction in 
parasitic capacitance Cpar as compared to the conventional 
implementation using a CMOS transmission gate. Thus, 
through the use of a single NMOS transistor (transistor 420) 
as the switching device and capacitor 426 for self-bootstrap 
ping, switch circuit 400 can achieve three to ?ve times 
improvement in the switch time constant ‘CON because both 
RON and parasitic capacitance CW, are substantially reduced. 
As a result, a substantial improvement in the bandwidth of 
operation is achieved for switch circuit 400. 

Implementation of the switching action in switch circuit 
400 requires overcoming obstacles arising from the voltages 
involved in the circuit. Referring to FIG. 3, Vin voltage at 
node 404 can vary between 0V and Vdd. Thus, switch 428 
can be implemented using conventional switches because 
switch 428 only needs to function at conventional voltage 
levels between 0V and Vdd. 

The situation is different for switches 422 and 424 
because these switches have to support voltages greater than 
Vdd while being controlled by logic levels that are limited 
to Vdd. Speci?cally, node 406 (the gate of NMOS transistor 
420) can see a voltage swing from 0 volt to 2 times Vdd (or 
2Vdd). Node 406 is at 0V when switch circuit 400 is off and 
node 406 is at Vin+otVdd when switch circuit 400 is on. 
Thus, when Vin is at its maXimum (i.e. Vdd), node 406 
reaches a value of 2Vdd (assuming that a approaches unity). 

Similarly, at the right side of capacitor 426, node 408 
varies between Vdd and 2Vdd. Node 408 is at Vdd when 
capacitor 426 is being precharged by precharge voltage 
source 430. When capacitor 426 is applied to the gate of 
NMOS transistor 420, node 408 is electrically connected to 
node 406 and the voltage value becomes Vin+otVdd, where 
at its maXimum equals 2Vdd. For eXample, when Vdd is 2.5 
volts, Vin at node 404 can vary between 0 and 2.5 volts. 
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Capacitor 426 is precharged to 2.5 volts. Node 406 (the gate 
of NMOS transistor 420) will vary between 0 and 5 volts. 
Meanwhile, node 408 will vary between 2.5 and 5 volts. 
Thus, switch 424 must be capable of supporting voltages 
between Vdd and 2Vdd while switch 422 must be capable of 
supporting voltages between 0 and 2Vdd. The voltage levels 
involved in switch circuit 400 necessitates careful use of 
isolation wells, control drive switching techniques, and 
parasitic management as discussed in greater detail below in 
conjunction with FIG. 6. 

FIG. 6 is a transistor level circuit diagram of switch circuit 
400 of FIG. 3 in accordance with one embodiment of the 
present invention. In the description that follows, reference 
numerals beginning with the letter “N” denote NMOS 
transistors and reference numerals beginning with the letter 
“P” denote PMOS transistors and it is assumed that otis 
unity. Switch circuit 700 operates under the timing control 
of clocks (1)1 and (1)2 illustrated in FIG. 7. 

In FIG. 6, NMOS transistor M1 is the main switching 
device in switch circuit 700 (also referred to as the switching 
transistor). Thus, transistor M1 implements the functions of 
NMOS transistor 420 in FIG. 3. When the gate terminal 
(node 706) of transistor M1 is properly biased, transistor M1 
acts as a pass transistor connecting voltage Vin at node 704 
to voltage Vout at node 710. 

Transistor N1 of FIG. 6 implements the function of switch 
422 of FIG. 3. Transistor N1 is connected between node 706 
and ground node 712 and is driven by clock (1)1. When switch 
circuit 700 is turned off, clock (1)1 is at a high logic level and 
transistor N1 is turned on to ground the gate node of 
transistor M1 (node 706). When clock (1)1 goes to a low logic 
level in the “on” state of switch circuit 700, transistor N1 is 
turned off and node 706 is no longer connected to ground 
node 712. 

Transistors N2, N3, N4 and P3 of FIG. 6 implement the 
function of switch 428 of FIG. 3. Transistors N4 and P3 are 
con?gured as a conventional CMOS transmission gate. 
Speci?cally, transistors N4 and P3 are connected in parallel 
between node 704 (Vin) and node 702 (left side of capacitor 
726), and driven with opposite clock signals, (1)2 and (1)2(inv) 
respectively. Transistors N4 and P3 implement the “on” 
position of switch 428 (FIG. 3). The “off” position of switch 
428 is implemented by transistor N2. Transistor N2 has a 
drain node connected to node 702, a source node connected 
to ground node 712 and a gate terminal driven by clock (1)1. 

In FIG. 6, a transistor N3, connected in parallel with 
transistors N4 and P3, is included to assist in connecting 
node 702 to node 704 (i.e. connecting the left side of 
capacitor 726 to Vin). The gate of transistor N3 is connected 
to node 706 and to the gate of transistor M1. As previously 
described, node 706 is at 0 volt when switch circuit 700 is 
turned off and thus transistor N3 is also turned off. But when 
switch circuit 700 is turned on, node 706 equals Vin+Vdd. 
Thus, transistor N3 is turned on to provide another conduc 
tion path between node 702 and node 704 when switch 
circuit 700 is turned on. Because node 706 can reach a 
voltage value of 2Vdd, transistor N3 can pass a Vin voltage 
equaling Vdd without degradation. In the present embodi 
ments, transistors N3, N4, and P3 all work to provide a 
conduction path between nodes 702 and 704 when switch 
circuit 700 is turned on. In other embodiments, one or more 
of transistors N3, N4, and P3 can be omitted. One skilled in 
the art will appreciate that one or a combination of transis 
tors N3, N4, and P3 can be used to implement the “on” 
function of switch 428 and that appropriate transistors siZes 
can be selected to achieve the desired ohmic connection 
between nodes 702 and 704. 
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Referring still to FIG. 6, transistors P1 and P2 implement 
the function of sWitch 424 of FIG. 3. In particular, transistor 
P1 implements the “off” function of sWitch 424. Transistor 
P1 is connected betWeen a precharge voltage Vpc node 728 
and node 708 (the right side of capacitor 726). The gate of 
transistor P1 is driven by node 706. In the present embodi 
ment, precharge voltage Vpc at node 728 is held at the poWer 
supply voltage Vdd. HoWever, other embodiments, the pre 
charge voltage Vpc can be held at voltages other than the 
poWer supply voltage Vdd as Will be eXplained in more 
details beloW. When sWitch circuit 700 is turned off, node 
706 is grounded through transistor N1 and transistor P1 is 
turned on to connect node 708 to Vpc node 728 for pre 
charging capacitor 726 to a value of Vdd. When sWitch 
circuit 700 is turned on, node 706 goes to a value betWeen 
Vdd and 2Vdd and transistor P1 is turned off, disconnecting 
the right side of capacitor 726 from Vdd (node 728). 

Working in conjunction With transistor P1 is transistor P2 
Which implements the “on” function of sWitch 424. Tran 
sistor P2 is responsible for connecting the right side of 
capacitor 726 (node 708) to the gate of transistor M1 (node 
706) When sWitch circuit 700 is turned on. In operation, 
transistor P2 together With transistors N3, N4, and P3 
operate to connect capacitor 726 across the gate and source 
terminals of transistor M1. In FIG. 6, transistor P2, con 
nected betWeen node 706 and node 708, is driven by clock 
(1)2(inv). When sWitch circuit 700 is turned off, clock (1)2(inv) 
is at a high logic level and transistor P2 is turned off. When 
sWitch circuit 700 is turned on, clock (1)2(inv) is at a loW logic 
level and transistor P2 is turned on providing a conduction 
path betWeen node 706 and node 708. 
As set forth above, switch circuit 700 operates under the 

timing control of clocks (1)1, (1)2, and (1)2(inv). FIG. 7 is a 
timing diagram illustrating the operation of sWitch circuit 
700 in accordance With the present invention. In the present 
embodiment, clocks (1)1, (1)2, and (1)2(inv) implement a non 
overlapping clocking scheme. To turn sWitch circuit 700 on, 
clock (1)1 is loW While (1)2 is high after a delay of time 6. 
(1)2(inv), being the inverse of (1)2, goes loW after the delay of 
6. When sWitch circuit 700 is to be turned off, the clocks 
sWitch to their respective opposite states: (1)2 goes loW 
((1)2(inv) goes high) and (1)1 goes high after a delay of time 
6. 

In the present invention, the 6 delay time betWeen the 
edges of clocks (1)1 and (1)2 is provided to implement the 
non-overlapping clocking scheme. The 6 delay betWeen 
clock (1)2 falling edge and clock (1)1 rising edge is introduced 
to ensure that transistors N1 and N2 and P1 are not con 
ducting until Well after all the transistors that are on and 
conducting during the time that clock (1)2 is high have fully 
turned off. The delay time introduced avoids undesirable 
parasitic conduction paths from occurring, such as Would be 
the case if transistors N2 and P3 and N4 Were simulta 
neously on, shorting Vin (node 704) to ground (node 712), 
or Would also be the case if transistors P1 and P3 and N4 
Were simultaneously on, shorting voltage Vpc (node 728) to 
high voltage node 708, Which Would have the undesirable 
effect of loWering the voltage at node 708 from its fully on 
voltage value of Vin+otVpc to Vpc, causing the gate to 
source voltage of transistor M1 to be decreased from the 
amount of ()(Vpc to (Vpc-Vin). This voltage reduction in gate 
drive to transistor M1 Would either turn transistor M1 
completely off or substantially off (high impedance state) 
When transistor M1 should be fully on. 
On the other hand, the 6 delay betWeen clock (1)1 falling 

edge and clock (1)2 rising edge is introduced to ensure that 
transistors P3, N4, N3 and N2 are all off, leaving node 702 
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in a high impedance state. At the same time, transistor P2 
remains off, thus alloWing high voltage node 708 to remain 
at voltage Vpc While node 706 remains at or near ground, 
keeping transistor M1 off and also preventing an undesirable 
parasitic conduction path from occurring as Would be the 
case if transistors N1 and P2 Were simultaneously on, 
shorting high voltage node 708 to ground (node 712). The 
non-overlapping clocking scheme shoWn in FIG. 7 avoids 
all undesirable parasitic conduction paths from occurring. 
Thus, sWitch circuit 700 is able to operate With a very precise 
and Well-de?ned aperture for turning the sWitching transistor 
M1 on and off to pass the input voltage Vin at input node 704 
to the output voltage Vout at output node 710. 

In the timing scheme illustrated in FIG. 7, the delay times 
at both edges of clock (1)2 are the same. HoWever, the delay 
time betWeen clock (1)2 falling edge and clock (1)1 rising edge 
and the delay time betWeen clock (1)1 falling edge and clock 
(1)2 rising edge can be different and varied. The timing 
diagram of FIG. 7 is illustrative only and one of ordinary 
skill in the art Would appreciate that the different delay times 
can be used to operate the sWitch circuit of the present 
invention. 

In an alternate embodiment of sWitch circuit 700, tran 
sistors P3 and N4 can be eliminated and only transistor N3 
is used for connecting node 702 to node 704. When the 
modi?ed sWitch circuit is to be turned off, no delay betWeen 
the falling edge of clock (1)2 and the rising edge of clock (1)1 
is needed because transistors N1 and N2 can be immediately 
engaged to turn off transistor M1. Thus, the falling edge of 
clock (1)2 can coincide With the rising edge of clock (1)1. 
The alternate embodiment of sWitch circuit 700 described 

above can be further modi?ed so that the switch circuit is 
operated With only one clock (clock (1)1) for turning on and 
off the sWitch circuit. Speci?cally, as described above, 
transistors P3 and N4 can be eliminated and only transistor 
N3 is used for connecting node 702 to node 704. To 
eliminate the use of clock (1)2, the gate terminal of transistor 
P2 is controlled by clock (1)1, instead of clock (1)2(inv). To 
turn the sWitch circuit on, clock (1)1 is loW. When the sWitch 
circuit is to be turned off, clock (1)1 sWitches to its opposite 
state of being high. One of ordinary skill in the art Would 
appreciate that by carefully choosing the siZes of transistors 
P1 and N3, When clock (1)1 goes loW, transistor P1 can be 
turned off entirely before transistor N3 is turned on. One of 
ordinary skill in the art Would also appreciate that by 
carefully choosing the siZes of transistors N1 and P2, When 
clock (1)1 goes loW, transistor N1 can be turned off entirely 
before transistor P2 is turned on. 

In the present invention, transistor P1 is driven by node 
706 Which has a value above Vdd When sWitch circuit 700 
is on. Node 706 is used to drive transistor P1 in order to 
ensure that transistor P1 is turned off for all values of source 
voltages that appear at node 708. In particular, When sWitch 
circuit 700 is in the “on” state, the source of transistor P1 
(node 708) can vary betWeen Vdd and 2Vdd. If the gate 
voltage of transistor P1 Was driven by conventional logic 
levels limited to Vdd, then transistor P1 Would actually get 
turned on When node 708 rises to a threshold voltage value 
above Vdd. The present invention solves this problem by 
driving the gate of transistor P1 With high voltage node 706 
to ensure that the gate-to-source voltage Vgs of transistor P1 
Will never exceed the threshold voltage VT so that transistor 
P1 Will not get turned on When sWitch circuit 700 is on. 

Although the source and drain terminals (nodes 708 and 
706) of transistor P2 can reach 2Vdd When sWitch circuit 
700 is on, the gate terminal of transistor P2 can be driven by 
clock (1)2 (inv) having a voltage sWing betWeen 0V and Vdd. 
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In particular, When switch circuit 700 is on, (1)2 (inv) is at a 
loW state (eg ground). The gate-to-source voltage Vgs of 
transistor P2 is in the range of —Vdd to —2Vdd Which 
exceeds the threshold voltage VT of transistor P2, thus 
keeping transistor P2 on. When sWitch circuit 700 is off, (1)2 
(inv) drives the gate of transistor P2 to a high state (eg 
Vdd). The source and drain terminals (nodes 708 and 706) 
are at Vdd and at ground, respectively. Therefore, the 
gate-to-source voltage Vgs is greater than 0 volt Which is 
more positive than the threshold voltage VT of transistor P2, 
thus keeping transistor P2 off. Therefore, sWitch circuit 700 
can be operated With conventional logic circuitry (clocks (1)1, 
(1)2, (1)2(inv)) having voltage sWings betWeen ground and 
Vdd. 

Transistors P1 and P2, being devices for handling volt 
ages beyond the poWer supply voltage Vdd, are placed in an 
N Well Which must be properly biased to avoid junction 
breakdoWn betWeen the source and drain terminals of these 
transistors and the N Well. In the present embodiment, 
transistors P1 and P2 are placed Within a single N Well. 
According to the present invention, the N Well in Which 
transistors P1 and P2 are situated is bootstrapped to alloW 
the Well bias voltage to rise to a value up to 2Vdd. In the 
present embodiment, the N Well of transistors P1 and P2 is 
connected to node 708, instead of Vdd as is conventionally 
done. As described above, When sWitch circuit 700 is turned 
on and node 708 is connected to node 706, node 708 varies 
betWeen Vdd to 2Vdd. The N Well bias voltage Will rise 
accordingly to a value betWeen Vdd and 2Vdd. Therefore, 
the junction betWeen the source and drain terminals of 
transistors P1 and P2 and the N Well Will not become 
forWard-biased under any circumstances. In an alternate 
embodiment, transistors P1 and P2 can be placed in separate 
N Wells and each N Well can be individually connected to 
node 708. 

In sWitch circuit 700, PMOS transistors P1 and P2 are 
used to handle the high voltage nodes 706 and 708. As 
described above, node 706 can vary betWeen 0 volt and 
2Vdd While node 708 can vary betWeen Vdd and 2Vdd. 
Generally, in a conventional fabrication process, PMOS 
transistors are more suitable than NMOS transistors for 
handling high voltage conditions at its gate and source/drain 
terminals. This is because PMOS devices are built in N Wells 
having higher concentration than the P Wells or the P-sub 
strate in Which the NMOS devices are built. Also, the N 
Wells are isolated from the substrate, eliminating possible 
substrate emission problems. In accordance With the present 
invention, the N Wells of the PMOS devices P1 and P2 are 
bootstrapped to prevent the source-drain junctions from 
being forWard-biased. Therefore, PMOS devices P1 and P2 
are made more robust so as to handle voltages up to tWo 

times the poWer supply voltage. 
Semiconductor fabrication processes can be classi?ed by 

the supply voltage operating ranges. Thus, in a 2.5-volt 
CMOS process, the NMOS and PMOS transistors are 
designed to operate up to and Within a prede?ned tolerance 
level of 2.5 volts, typically 110% of 2.5 volts. Furthermore, 
in a conventional 2.5-volt process, all the devices manufac 
tured in the process have similar device characteristics, that 
is, all the devices are disposed to handle an operating supply 
voltage range of up to 2.5 volts. In the present description, 
this type of fabrication processes is referred to as a “single 
voltage” fabrication process. In the present embodiment, 
When sWitch circuit 700 is fabricated in a conventional 
single-voltage fabrication process, PMOS devices P1 and P2 
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With the bootstrapped Well connections are used advanta 
geously to handle the high voltage conditions at nodes 706 
and 708. 

HoWever, some semiconductor fabrication processes pro 
vide both high-voltage devices and standard-voltage devices 
in a single fabrication process sequence. This type of process 
is referred to as a “dual-voltage” fabrication process in the 
present description. Thus, in a “dual-voltage” process, the 
high-voltage devices are manufactured to handle a 5-volt 
operating voltage, for eXample, While the standard-voltage 
devices are manufactured to handle a 2.5-volt operating 
voltage, for eXample. The high-voltage devices of such a 
“dual-voltage” process can be used advantageously in the 
implementation of sWitch, circuit 700 of the present inven 
tion. According to another embodiment of the present inven 
tion, sWitch circuit 700 is fabricated using a dual-voltage 
process and devices P1 and P2 are fabricated as high-voltage 
transistors. In this embodiment, devices P1 and P2 can be 
high-voltage PMOS devices or they can be implemented as 
high-voltage NMOS devices With the polarity of the control 
signals altered accordingly. 

In some circumstances, When sWitch circuit 700 is fabri 
cated using a single-voltage fabrication process, the PMOS 
devices may not be able to handle the 2Vdd voltage level 
imposed at their device terminals, particularly for loW 
voltage fabrication processes. For example, in a 2.5-volt 
process, the maXimum operating voltage for the PMOS or 
NMOS devices may be only 3.6 volts. In cases Where sWitch 
circuit 700 is implemented using a loW voltage fabrication 
process, the voltages at the high voltage nodes can be 
adjusted to accommodate the limited maXimum operating 
voltage range. Thus, according to yet another embodiment 
of the present invention, the precharge voltage Vpc (node 
728) of sWitch circuit 700 is chosen to have a voltage value 
equal to the difference betWeen the maXimum operating 
voltage and the poWer supply voltage of the fabrication 
process. Thus, in a 2.5-volt process With a 3.6-volt maXi 
mum operating voltage, the precharge voltage Vpc is set at 
1.1 volts. Therefore, the voltage at high-voltage node 706 
varies betWeen 0 volt and 3.6 volts (Vdd+Vpc) and the 
voltage at node 708 varies betWeen 2.5 volts (Vdd) and 3.6 
volts (Vdd+Vpc). In the previous embodiment, When the 
precharge voltage is being held at the poWer supply voltage 
Vdd, the high voltage nodes can reach a voltage of 2Vdd or 
5 volts Which eXceeds the maXimum operating voltage of the 
PMOS devices. By providing a precharge voltage Vpc 
according to the description above and less than the poWer 
supply voltage, sWitch circuit 700 can be fabricated using 
loW-voltage processes to provide a loW distortion and high 
frequency sWitch circuit suitable for use in the loW Vdd 
range. 

In FIG. 6, the drain terminal of transistor N1 is connected 
to node 706 Which can attain a voltage level up to 2Vdd. 
Therefore, transistor N1 has to be a high voltage device 
itself, capable of sustaining a voltage of 2Vdd at its drain 
node Without suffering from device failure due to voltage 
stress. FIG. 8 illustrates an alternate embodiment of the 
sWitch circuit of the present invention Where conventional 
NMOS transistors can be used to implement the function of 
transistor N1. In FIG. 8, tWo transistors N5 and N6, con 
nected in series, are used in place of transistor N1. Transistor 
N5 is connected betWeen node 906 and node 907 and its gate 
is connected to Vpc node 928 Which is held at the poWer 
supply voltage Vdd in the present embodiment. Thus, tran 
sistor N5 is alWays turned on. Transistor N6 is connected 
betWeen node 907 and ground node 912 and its gate is 
connected to clock (1)1. When transistor N6 is turned on by 
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the action of clock (1)1, transistors N5 and N6 distribute the 
voltage at node 906 betWeen the drains of both of the 
transistors, thus reducing the drain to gate voltage stress 
across an individual transistor. In another embodiment, 
When the precharge voltage Vpc at node 928 is not the poWer 
supply voltage Vdd and instead is less than the Vdd voltage, 
the gate terminal of transistor N5 can be connected to the 
poWer supply voltage Vdd of sWitch circuit 900 instead of 
being connected to Vpc node 928. In this manner, suf?cient 
gate-to-source voltage is provided to transistor N5 to turn 
the transistor on. 

In the embodiments shoWn in FIGS. 6 and 8, capacitors 
726 and 926 can be implemented as a MOS capacitor, an 
oXide capacitor, a junction capacitor, a polysilicon to poly 
silicon capacitor With an interlayer dielectric, or any other 
conventional capacitor structures. These capacitor structures 
can be manufactured using conventional integrated circuit 
fabrication process steps. In one embodiment, capacitors 
726, 926 are each implemented as a polysilicon-dielectric 
polysilicon capacitor (poly-to-poly capacitor) because a 
poly-to-poly capacitor structure can Withstand high voltage 
stress Without suffering from degradation. Furthermore, the 
capacitor (726 or 926) can be fabricated on the same 
integrated circuit as the sWitch circuit or the capacitor can be 
an “off-chip” capacitor, fabricated on a separate piece of 
integrated circuit apart from the rest of the circuit elements 
of the sWitch circuit. 

In the embodiment shoWn in FIG. 6, transistor siZes for 
the NMOS and PMOS devices in sWitch circuit 700 are 
listed in Table 1. The capacitance of capacitor 726 has a 
value of 150 fF. HoWever, it is understood by one skilled in 
the art that the transistor siZes and capacitor values can be 
varied While still achieving the result of the present inven 
tion. 

TABLE 1 

TRANSISTOR WIDTH LENGTH 

M1 2.6 ,urn 0.5 [urn 
N1 2.6 ,urn 0.5 [urn 
N2 1.1 ,urn 0.5 [urn 
N3 2.6 ,urn 0.5 [urn 
N4 2.6 ,urn 0.5 [urn 
P1 1.1 ,urn 0.5 [urn 
P2 1.1 ,urn 0.5 [urn 
P3 2.6 ,urn 0.5 [urn 

FIGS. 9 and 10 illustrate the simulation result of sWitch 
circuit 700 of FIG. 6 While driving a capacitive load at Vout 
node 710 and being employed as a track and hold circuit (or 
an integrator-less folloW and hold circuit). In the folloWing 
simulation result, sWitch circuit 700 is operated With a Vdd 
of 2.5 volts. The simulation result illustrates the signi?cant 
performance improvement achieved by sWitch circuit 700 of 
the present invention, not only over prior art sWitch circuits 
running at loW Vdd voltages but also over prior art sWitch 
circuits operating at conventional Vdd voltages (eg 5 
volts). 

FIG. 9 is a graph of the input and output voltages versus 
time for sWitch circuit 700 of FIG. 6 Which illustrates the 
behavior of the sWitch output voltage With respect to the 
input voltage. Input voltage 1010 is a 1 MHZ sinusoidal 
Waveform having a peak to peak sWing of 2.5V. Clocks (1)1 
and (1)2 are programmed to sample input voltage 1010 during 
?ve intervals Within one period of the input Waveform. 
Referring to FIG. 9, When sWitch circuit 700 is turned on, 
output voltage 1020 responds after a delay of 6 Which is 10 
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16 
ns in this embodiment. Output voltage 1020 folloWs input 
voltage 1010 closely during the 40 ns interval Where sWitch 
circuit 700 is turned on. When sWitch circuit 700 is turned 
off, output voltage 1020 holds the input voltage value at that 
point (1.6V) until sWitch circuit 700 is turned on again at a 
time of 210 ns. For the neXt four intervals Where sWitch 
circuit 700 is turned on, the same result is observed Where 
output voltage 1020 tracks input voltage 1010 during those 
intervals and then holds the respective input voltage values 
When sWitch circuit 700 is turned off. When sWitch circuit 
700 is turned on, output voltage 1020 is essentially equal to 
input voltage 1010, even When the values of input voltage 
1010 are rapidly changing. Thus, sWitch circuit 700 is 
capable of operating at very high bandWidth, for eXample, 
up to several hundred megahertZ. Furthermore, no frequency 
distortion is observed. 

FIG. 10 is a graph of the gate voltage Vg and the 
gate-to-source voltage Vgs versus time of transistor M1 of 
sWitch circuit 700 of FIG. 6 operating under the conditions 
in FIG. 9. Vg curve 1110 shoWs that the gate voltage Vg of 
transistor M1 (node 706) folloWs the sinusoidal Waveform of 
the input voltage and has a voltage value equaling 
Vin+otVdd When sWitch circuit 700 is on. In FIG. 10, Vg is 
4.6V at its maximum, approaching the value of 2Vdd (5.0V). 
Vgs curve 1120 in FIG. 10 illustrates another important 
characteristic of the present invention. Vgs curve 1120 
shoWs that gate-to-source voltage Vgs of sWitch circuit 700 
is not a function of Vin When sWitch circuit 700 is on. In fact, 
Whenever sWitch circuit 700 is turned on, gate-to-source 
voltage Vgs is a constant voltage having a value of 2.3V. 
Thus, in this simulation, otVdd is 2.3V and a has a value of 
0.92. As described above, or approaches unity but does not 
equal unity because of charge sharing loss on capacitor 726. 

FIGS. 11A and 11B are frequency response plots of a 
conventional sWitch circuit and the sWitch circuit of the 
present invention, respectively, illustrating the improvement 
in distortion effect using the sWitch circuit of the present 
invention. In FIGS. 11A and 11B, sWitch circuit 700 is 
operated With Vdd at 2.5V While the conventional sWitch 
circuit is operated With Vdd at 5.0V. As can be observed by 
comparing FIGS. 11A and 11B, a signi?cant reduction in 
amplitude of the undesirable high frequency components 
can be achieved using the sWitch circuit of the present 
invention. Speci?cally, the improvement in distortion effect 
observed is over 20 dB. The 20 dB improvement represents 
a 20 times reduction in distortion obtained With a sWitch 
circuit of the present invention operating at a loWer Vdd 
voltage. The sWitch circuit of the present invention not only 
achieves improvement over prior art operating at the same 
loW Vdd voltages, but also achieves signi?cant improve 
ment over prior art circuits operating at a higher or conven 
tional Vdd values. The sWitch circuit of the present invention 
can be operated at Vdd values as loW as 1.0V With a suitable 
loW threshold and loW Vdd fabrication process While still 
achieving signi?cant improvement in bandWidth of opera 
tion and reduction in distortion effects. 

FIGS. 6 and 8 illustrate tWo implementations of the sWitch 
circuit of the present invention for driving NMOS transistor 
M1 as the main sWitching device. One of ordinary skill in the 
art Would appreciate that the circuits of FIGS. 6 and 8 can 
be altered accordingly to provide a complementary circuit 
for driving a PMOS transistor as the main sWitching device. 
Furthermore, as described above, sWitch circuit 700 or 900 
can be combined With the complementary sWitch circuit for 
driving a CMOS transmission gate as the sWitching device. 

In one application, the sWitch circuit of the present 
invention can be used to construct a high performance 
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switch capacitor circuit. As it is Well known in the art, a 
sWitch capacitor circuit includes three basis elements: a 
sWitch, a capacitor, and an ampli?er. An ampli?er capable of 
operating at very loW voltage levels With uncompromised or 
even improved performances in transconductance is 
described in commonly assigned US. Pat. No. 6,147,550, 
entitled “Method And Apparatus For Reliably Determining 
Subthreshold Current Densities In Transconductance Cells,” 
of Peter R. HolloWay, issued Nov. 14, 2000; and also in 
commonly assigned U.S. Pat. No. 5,936,433, entitled “Com 
parator Including A Transconducting Inverter Biased To 
Operate In Subthreshold,” of Peter R. HolloWay, issued Aug. 
10, 1999. Both of the aforementioned patents are incorpo 
rated herein by reference in their entireties. In accordance 
With the present invention, a high performance sWitch 
capacitor circuit capable of operating under very loW Vdd 
voltages is built using the sWitch circuit of the present 
invention in combination With an ampli?er based on the 
transconductance inverting cell technology described in the 
aforementioned patents. 

Another application of the sWitch circuit of the present 
invention is in a sample and hold circuit. FIG. 12 is a circuit 
diagram of a sample and hold circuit using bottom-plate 
sampling. In FIG. 12, the sample and hold circuit includes 
a constant RON sWitch circuit 400a of the present invention 
coupled to a bottom-plate sampled integrator 1200. When 
bottom-sampled integrator 1200 is operated according to the 
timing diagram in FIG. 13, charge injection into the output 
terminal of sWitch circuit 400a is eliminated and integrator 
1200 operates With the loWest level of distortion, even at loW 
Vdd levels. As is Well understood in the art, bottom-plate 
sampling is preferred over top-plate sampling in analog-to 
digital conversion because bottom-plate sampling has the 
advantage of eliminating charge injection errors at the 
output terminal of the sWitch circuit. 

Referring to FIG. 12, sWitch circuit 400a is depicted in a 
simpli?ed form as including an NMOS sWitching transistor 
420a and a sWitch control circuit 499. SWitch control circuit 
499 represents the combination of sWitches and the capacitor 
required for the sWitch circuit operation. In FIG. 12, sWitch 
circuit 400a operates under the timing control of clocks (1)1 
and (1)2 as previously described. SWitch circuit 400a receives 
input voltage Vin at node 404a and provides a corresponding 
output voltage Vout1 at node 410a. 

Integrator 1200 includes a capacitor Cin, serving as the 
sampling capacitor. Capacitor Cin is connected betWeen 
node 410a, the sWitch output voltage (Voutl), and a node 
412a. Integrator 1200 further includes a hold sWitch 1202 
and a reset sWitch 1204. Hold sWitch 1202, connected 
betWeen Vout1 node 410a and ground node 1210, operates 
according to the timing control of clock H in FIG. 13. Reset 
sWitch 1204, connected betWeen nodes 412a and 1208, 
operates according to the timing control of either clock R1 
or clock R2. Reset sWitch 1204 controls the reset and 
integrate operations of integrator 1200. When Reset sWitch 
1204 is closed, node 412a is being reset. When Reset sWitch 
1204 is open node 412a is being integrated. As Will be 
described in more detail beloW, clocks R1 and R2 permit 
integrator 1200 to operate either in the inverting sampling 
mode or the non-inverting sampling mode, respectively. 

The operation of bottom-sampled integrator 1200 is Well 
knoWn in the art and Will noW be described in brief. When 
sWitch circuit 400a is off (i.e., the sWitch is open), hold 
sWitch 1202 is closed to drive Vout1 node 410a to the ground 
potential. Alternately, When sWitch circuit 400a is on (i.e., 
the sWitch is close), hold sWitch 1202 is open alloWing 
voltage Vout1 to charge the bottom plate of capacitor Cin. 
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Integrator 1200 employs a non-overlapping clock drive 
technique Well knoWn in the art. Referring to FIG. 13, clocks 
P1, P2, H, and R1/R2 do not overlap With each other. For 
eXample, a delay of 6 is included in clock P2 to ensure that 
sWitch circuit 400a does not get turned on until some time 
after hold sWitch 1202 is opened. Similarly, sWitch circuit 
400a is turned off a time 6 before hold sWitch 1202 is closed. 

Referring to FIG. 12, the top plate (node 412a) of capaci 
tor Cin is connected to the negative input terminal of an 
operational ampli?er 1206, to the top plate of capacitor Cf 
and to a terminal of reset sWitch 1204. Capacitor Cf and reset 
sWitch 1204 are connected in parallel betWeen nodes 412a 
and integrator output voltage (Vout2) node 1208. Because 
the positive input terminal of ampli?er 1206 is grounded, 
ampli?er 1206 generates a corresponding output voltage 
Vout2 at node 1208 to keep the negative input terminal (node 
412a) at ground potential. Output voltage Vout2 acts on 
node 412a either through capacitor Cf or through reset 
sWitch 1204 When closed. As such connected, node 412a 
behaves as a virtual ground as is Well understood in the art. 

The operation of integrator 1200 in the inverting mode of 
operation Where reset sWitch 1204 is controlled by clock R1 
is noW described. When sWitch circuit 400a is off (i.e., 
open), both hold sWitch 1202 and reset sWitch 1204 are 
closed and thus, both the bottom plate (node 410a) and the 
top plate (node 412a) of capacitor Cin are at ground. Voltage 
Vout2 at node 1208 is also at ground by the action of Reset 
sWitch 1204. When sWitch circuit 400a is on, then input 
voltage Vin at node 404a is provided to output voltage Vout1 
node 410a. Note that sWitch circuit 400a turns on a delay 
time 6 after hold sWitch 1202 and reset sWitch 1204 are 
open, consistent With the non-overlapping clocking tech 
nique employed here. Thus, the change in voltage across 
capacitor Cin, denoted AVG-n, equals the input voltage Vin. 
The change in charge that ?oWs through capacitor Cin is 
given by: 

AQ: Vin *Cin. 

As those skilled in the art understand, in the bottom-plate 
sampling technique, all the charge introduced to the bottom 
plate of capacitor Cin is transferred to its top plate and 
charge injection into the source terminal of NMOS transistor 
420 is avoided. Thus, in bottom-sampled integrator 1200, no 
error voltage develops across the sampling capacitor (Cin) 
as is the case When top-plate sampling is used. 

In response to the change in voltage at capacitor Cin, the 
voltage at node 412a rises to a value of Vin. Operational 
ampli?er 1206 acts to keep voltage 412a at ground potential. 
Thus, the integrator output voltage Vout2 becomes: 

Cin 
Vout2 : — — Vin. 

Cf 

So in the case When Cin=Cf, Vout2 Will equal —Vin When 
sWitch circuit 400a is on. 

When integrator 1200 is operated in the non-inverting 
sampling mode, sWitch circuit 400a and hold sWitch 1202 
are controlled by clocks P1, P2 and H and operate in the 
same manner as in the inverting sampling mode. HoWever, 
reset sWitch 1204 is noW controlled by clock R2 (FIG. 13) 
Which behaves in reverse of clock R1. In the non-inverting 
sampling mode, reset sWitch 1204 opens and closes in 
concert With sWitch circuit 400a. When sWitch circuit 400a 
is turned off, the voltage at the bottom and the top plates of 














